Abstract This paper puts forward an algorithm for estimating the detection 6 efficiency (DE) of a lightning location system (LLS). The algorithm can be applied to 7 lightning flash/stroke density correction (e.g., cloud-to-ground (CG) lightning 8 flash/stroke density) and LLS performance evaluation. A lightning strike density 9 correction for DE promotes the applicability of the LLS data. Fundamentally, the 10 generalized extreme value (GEV) distribution was found to best fit the probability 11 distribution of the signal strengths of the lightning observed by the ADTD detectors in 12 Beijing, China. With respect to this probability distribution, we estimated the 13 single-station acceptance damped by the uneven underlying land surface conductivity. 
the lightning electromagnetic signal in one lightning location. The algorithm should 23 consider the multi-detector location mode related to the number of detectors in the 24 lightning location. Usually, at least two magnetic direction finder (MDF) detectors 25 and three time-of-arrival (TOA) detectors are needed in each lightning location 26 (Schütte et al. 1988). As observed by a LLS network with newly upgraded IMPACT 27 detectors (combined MDF and TOA technology), a lightning source can be located 28 with signals synchronously detected by two or more such detectors (Bourscheidt et al. 29 2012). With multi-detector location modes, here, an iterative algorithm is introduced 30 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-307 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. The improvement in the LLS data quality (e.g., DE and location accuracy) basically 23 depends on the implementation of optimal detector deployments and detector 24 upgrading, and DE estimates are critical in promoting the applicability of the LLS 25 data. 26 1. Data description 27 The LLS data collected from 2007-2016 by the ADTD (Advanced TOA and   28 Direction system, where TOA denotes time-of-arrival) network deployed by the China 29 Meteorology Administration (CMA) were used to 1) identify the probability 30 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-307 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. (TOA) method for position retrieval (Ma 2015) . In this method, if a lightning source 8 is only detected by two ADTD-1 sensors, the algorithm uses one TOA hyperbolic 9 curve and two MDF vectors to retrieve the position. If a lightning source is detected 10 by three sensors in a non-duplicate region, the TOA algorithm is used to retrieve the 11 position directly. In contrast, if the TOA is the first to find a duplicate location, then 12 the MDF method is used to identify the true location. If a lightning event is detected 13 by four or more sensors, a TOA least squares method is used to find a more precise 14 location. Thus, a lightning location detected by four or more sensors is more precise 15 than that detected by fewer sensors. In the ADTD data, the percentage of lightning 16 sources reported by four or more sensors relative to the total number of detected 17 sources is 63.3%. Meanwhile, the ADTD-observed +CG and -CG lightning peak 18 currents are in the ranges of 0.08 kA to 995.9 kA and 0.258 kA to 992.6 kA, 19 respectively (Fig. 1) . 20 The ADTD sensor manufacturers claim that the DE of the ADTD sensors could 21 be 90% at distances between 300 and 600 km, with a median location accuracy error 22 of 1 km. However, only the flash DE can be 90%, and the stroke detection efficiency 23 (SDE) is lower. The first stroke peak current in a multiple-stroke CG flash can be 24 greater than twice its subsequent stroke peak current (Rakov and Uman 1990 We estimated the SDEs of the ADTD in a grid system (1 km × 1 km, see Fig. 2) 1 and corrected the lightning stroke density using the SDE. The SDE estimates 2 approximate those of the U.S. NLDN (National Lightning Detection Network) in 3 1998, which was reported to be 62% (Idone et al. 1998 ). Hence, the DE level of the 4 ADTD is equivalent to that of the NLDN, at least in 1998, suggesting that a 5 considerable potential for improvement remains in terms of network upgrades and that 6 DE estimation is necessary for promoting the applicability of the ADTD data. The probability distribution of the LISSs is critical in estimating single-station 4 acceptance. Being prior probability distribution, it can be deduced using samples of 5 lightning location data. The likely probability distribution of these data would be that 6 of either the Weibull, generalized extreme value (GEV), lognormal (LN), extreme 7 value (EV) or gamma distribution. Hereinafter, we primarily introduce the GEV 8 distribution since it would provide the most accurate probability distribution fit of the 9 LISSs in the Beijing region. 10 2.1 GEV distribution 11 The GEV distribution has a cumulative distribution function (CDF) 
with no restriction on x. 21 The density distribution function is consequently 23 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-307 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 16 In the case of the GEV distribution, the acceptance is given by
where c is the signal bias and can be replaced by the minimum value of the signal 20 samples. 21 The effective radius,  , describing the properties of a lightning counter or 22 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-307 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. When the signal strength is GEV distributed and the counter has as a sufficient 5 dynamic range (s min <<s max ), the effective radius can be calculated analytically:
8 By the substitution 
Because S min is far less than S max , here, S min can greatly influence the effective radius, 18 while S max has little influence on the effective radius. to 1.13. However, our application found that the nonlinear and linear relationships 10 were similar (not given) for our results.
11
The lightning electromagnetic signal will be attenuated when propagated over 12 land and/or the ocean surface, and this attenuation is determined by the underlying 13 surface conductivity. Here, we introduce the parameter 23 Therefore, in the damping modes, the single-station acceptance can be calculated as The MDF method requires at least two detectors synchronously detecting one IMPACT detector networks locate a lightning stroke using at least two detectors. Thus, 11 an iterative algorithm is needed in the deduction of DEs, especially with respect to 12 lightning locations that require three or more detectors in LLS network coverage. 13 The algorithm is expressed as follows. 14 1) This iterative algorithm is designed for DE estimation in two-detector 15 networks:
where F (2, 2) is the DE of the two-detector location mode in a two-detector network 18 and A(r 1 ) and A(r 2 ) are acceptances of the detectors r 1 and r 2 , respectively. 19 2) In three-detector networks
where F(3,2) is the DE of the two-detector location mode in a three-detector network, 3) In an n-detector network (n>3),
where F(n,m) is the DE of the m-detector location mode in an n-detector network. 27 In Eq. (20), 28 Nat The maximum likelihood method allows the determination of the most effective 4 estimators, and the sample data histogram is helpful in identifying the probability used to determine the probability distribution of the LISSs in Beijing and the 8 parameters of the probability density function (PDF). To obtain the fittest probability 9 distribution, which can be used to calculate the probability above a certain signal 10 strength threshold, we estimated the parameters of the Weibull, the lognormal, the 11 extreme value, the gamma, and the generalized extreme value (GEV) distributions 12 from the sample data. In a comparison of the fitness of these probability distribution 13 curves and the sample data histogram, the GEV curve is identified as the best fitted 14 (Fig. 2) . Therefore, the GEV probability distribution is regarded as the distribution 15 with the best fit and is used in deducing single-station acceptance. The probability 16 distribution of the LISSs is empirically established in certain regions, and it should be 17 properly predefined before applying the results to deduce acceptance. Nat Usually, if the first return stroke or one of its subsequent return strokes in a 7 multiple lightning flash is located, that flash can be counted as detected (Naccarato 8 and Pinto 2009). Therefore, the stroke DEs would be lower than the flash DEs. DE. 12 We deduced the parameters of the GEV distribution of the LISSs using the 13 sampled lightning electromagnetic signal data ( Fig. 1 acceptances rapidly decrease toward the mountainous areas (see Fig. 3 ). 4 Subsequently, we deduced the ADTD network DE (Fig. 4) strokes were located after their signal sources were received synchronously by 2 to 7 8 detectors (see Table 2 for the proportions of each location mode). Note that only 11 9 ADTD detectors in the Beijing region had been selected to estimate the DE for the 10 case study, and thus, the results are only valid in this region. The results indicate that 11 the DEs in the Beijing metropolitan area are relatively higher, almost all are above 12 60%, and the maximum is 78% (see Fig. 4 ).
13
It is reasonable to expect that the CG lightning stroke DEs can reach 60% or 14 higher. Based on a video observation, Idone (1998) while the overall stroke DEs would be between 60% and 80%.
20
According to the DE estimates of the ADTD network (Fig. 4) -17 -deduced in the nondamping mode is clearly higher than that in the damping mode, and 1 this discrepancy is exaggerated in mountainous areas (see Fig. 4 ), where the lower 2 conductivity leads to a greater attenuation of lightning electromagnetic signals. where N' grid (stroke/yr.km 2 ) is the corrected CG lightning stroke density. 13 The derivation indicated that the CG lightning stroke densities in the mountainous 14 northern and western regions are clearly lower than that of the other areas (see Fig. 5 ).
15
This characteristic is similar to that of the DE estimates. In the mountainous regions, 16 the elevated terrains and low conductivity of the underlying surface have a strong 17 influence on signal attenuation (Cummins et al. 2006 ), which in turn reduces the DE 18 and location accuracy of the ADTD network. However, this result does not 19 convincingly prove that the low CG lightning stroke density in mountainous areas is 20 determined by the low DEs. 21 After the CG lightning stroke density was corrected for the DE, the densities in (1) It is critical to identify a suitable probability distribution of the LISSs, which 15 is determined for specific regions. In comparison with the lognormal, the Weibull, the 16 extreme value (EV) and the GEV probability distributions, we found that the GEV 17 distribution provides the best fit to the histogram of the sample data.
18
(2) Based on formula derivations, it was verified that the GEV probability 
